Identifying the genetic basis of parallelism reveals the means by which evolution repeats itself and shows what aspects-if any-may be predictable [1] . The recently tetraploid luteus group of Mimulus [2] contains five species native to central Chile [3] , three of which have evolved extensive red floral pigmentation using at least two distinct loci [4] . Here we show that the parallel evolution of petal lobe anthocyanin (PLA) pigmentation in M. cupreus and M. luteus var. variegatus occurred via separate yet strikingly similar mechanisms. In each case, a dominant, single-locus gain of pigmentation [4] maps to a genomic region (pla1 and pla2, respectively) containing adjacent, apparently recently duplicated paralogs of MYB anthocyanin-regulating transcription factors. Interestingly, candidate genes in pla1 and pla2 are themselves related by an older duplication. In both cases, pla genotype cosegregates with expression of multiple genes in the anthocyanin biosynthetic pathway, revealing a mechanism of coordinated trans-regulatory expression changes across functionally related enzyme-encoding genes. We conclude that in this instance, evolution has repeated itself with marked consistency. Duplication has enabled that repetition to occur using two physically independent but functionally similar loci, highlighting the importance of genomic complexity to the evolutionary process.
Identifying the genetic basis of parallelism reveals the means by which evolution repeats itself and shows what aspects-if any-may be predictable [1] . The recently tetraploid luteus group of Mimulus [2] contains five species native to central Chile [3] , three of which have evolved extensive red floral pigmentation using at least two distinct loci [4] . Here we show that the parallel evolution of petal lobe anthocyanin (PLA) pigmentation in M. cupreus and M. luteus var. variegatus occurred via separate yet strikingly similar mechanisms. In each case, a dominant, single-locus gain of pigmentation [4] maps to a genomic region (pla1 and pla2, respectively) containing adjacent, apparently recently duplicated paralogs of MYB anthocyanin-regulating transcription factors. Interestingly, candidate genes in pla1 and pla2 are themselves related by an older duplication. In both cases, pla genotype cosegregates with expression of multiple genes in the anthocyanin biosynthetic pathway, revealing a mechanism of coordinated trans-regulatory expression changes across functionally related enzyme-encoding genes. We conclude that in this instance, evolution has repeated itself with marked consistency. Duplication has enabled that repetition to occur using two physically independent but functionally similar loci, highlighting the importance of genomic complexity to the evolutionary process.
Results and Discussion

Expression Changes across a Biosynthetic Pathway Underlie Floral Diversification
We analyzed the evolution of petal lobe anthocyanin (PLA) in orange-flowered Mimulus cupreus (+PLA) by comparing it to a rare yellow morph of the same species (2PLA; Figure 1A ). We then used similar methods to compare M. l. variegatus (+PLA, purple-flowered) to M. l. luteus (2PLA, yellowflowered). In both cases, the 2PLA phenotype still produces floral anthocyanin, but only in spots around the throat of the corolla ( Figure 1A ).
qRT-PCR was used to test for effects of pla1 genotype in M. cupreus on expression of anthocyanin biosynthetic enzymes ( Figure 1B ) in flower petals. Expression of the anthocyanin pathway varies over floral bud development [5, 6] , and higher gene expression levels are associated with greater pigment accumulation [7, 8] . To determine when the pigmentation genes are most highly expressed, we initially examined two genes at three floral bud stages of M. cupreus: early, intermediate, and late, corresponding to approximately 72, 36, and 12 hr before anthesis. Because mRNA expression was highest in the early stages (see Figure S2 available online), subsequent qRT-PCR was performed on early bud tissue.
Expression was then measured for eight enzyme-encoding genes (two homeologs each of Chs, Chi, Dfr, and Ans; ''homeologs'' refers to gene duplicates created through recent polyploidization) in both orange-and yellow-flowered M. cupreus and six F 2 progeny of each color. All loci except Chi-2 showed significantly higher gene expression in +PLA (orange-flowered) plants (Figure 2 ; Tables S1 and S2). The cosegregation of a single-locus Mendelian phenotype with expression differences at multiple functionally related loci indicates a trans-regulatory change.
Chs-1, Chs-2, and Dfr-1 were assayed in M. l. luteus, M. l. variegatus, and their F 2 progeny. All three genes showed significantly higher expression in +PLA plants (Figure 2 ; Tables S1 and S2). As in M. cupreus, variation at a single Mendelian locus cosegregated with expression differences at multiple genes. These data demonstrate that the gain of PLA in M. l. variegatus is also associated with a coordinate expression increase in the anthocyanin biosynthetic enzymes, consistent with a trans-regulatory change.
Anthocyanin R2R3 MYB Transcription Factors Are Tandemly Duplicated in Mimulus
The R2R3 MYB transcription factor family includes important regulators of anthocyanin biosynthesis [9] [10] [11] and thus are good candidates for PLA evolution in M. cupreus and M. l. variegatus. A gene tree identified five MYBs in the model diploid wildflower M. guttatus that fall within the monophyletic group of known anthocyanin regulators from other angiosperms.
MgMYB1, MgMYB2, and MgMYB3 cluster phylogenetically ( Figure 3 ). They are also tightly physically linked (pla1, Figure 4A ), suggesting a recent tandem duplication. MgMYB4 and MgMYB5 are phylogenetically distinct but are still within the clade of anthocyanin regulators. MgMYB4 and MgMYB5 are adjacent genes at the pla2 locus ( Figure 4B ). pla1 and pla2 are on linkage groups 8 and 12, respectively, of M. guttatus.
Flower Color in M. cupreus Cosegregates with Candidate MYB Genes in pla1 Two hundred and eighty-three F 2 progeny of a cross between the orange and yellow morphs of M. cupreus were genotyped for a dominant marker designed from the MgMYB2 sequence. The 212 orange-flowered plants all had at least one copy of the +PLA allele. Of the yellow-flowered plants, 70 were homozygous for the 2PLA allele; one had a +PLA genotype. Because it was not possible to distinguish heterozygotes from homozygous dominant genotypes, recombination fraction was calculated from only the 71 yellow F 2 s and placed the marker 0.70 cM away from the causal site.
In M. guttatus, MgMYB2 is flanked by MgMYB1 and MgMYB3 ( Figure 4A ). To test for additional candidate genes, we performed a gene prediction analysis on the surrounding 1.0 Mb (w10.6 cM). None of the 180 predicted genes corresponded to members of the anthocyanin pathway. One WDR and two bHLH genes were found, 80-200 kb away from MgMYB2 ( Figure 4A ), but these showed little sequence similarity to the anthocyanin-regulating WDR and bHLH transcription factors, as determined by reciprocal BLAST searches and confirmed by the M. guttatus annotation (http:// www.phytozome.net/ v6.0, scaffold 11, positions 1,740,000-2,740,000).
Primers to the more variable third exons of MgMYB1-3 recovered six distinct loci in the orange-flowered M. cupreus parent ( Figure S4 ). Presumably, one homeolog each of McMYB1-3 clusters on one chromosome and a duplicate set generated by polyploidization clusters on another, unlinked chromosome, although this hypothesis requires confirmation by either mapping or sequencing. Consistent with genome duplication following divergence from M. guttatus, both homeologs of McMYB1 cluster with MgMYB1, and similar patterns are observed for MYB2 and MYB3 ( Figure S3 ).
We were only able to clone 4 of the 6 loci out of the yellowflowered M. cupreus parent, despite numerous efforts with a variety of primer combinations using both genomic DNA and cDNA. The ''missing'' loci are homeolog 2 of McMYB1 and homeolog 2 of McMYB2. It is unclear whether they are highly divergent in the yellow morph or simply deleted.
Floral Expression of McMYB2 Is Predicted by pla1 Genotype
As a pilot study, MgMYB2 expression was measured in the same M. cupreus floral buds (see Figure 2A) . In 2PLA plants, all homozygous for the yellow allele at pla1, mean expression (6 standard error) was 13.9% 6 3.28% relative to the orangeflowered parent (Table S2) . Five orange-flowered F 2 s were heterozygous, and one was homozygous for the orange allele. Relative mean expression was 62.2% 6 3.20% in the heterozygotes and 170.6% in the orange homozygote. However, the MgMYB2 primer pairs that we used were not homeolog specific in M. cupreus. One homeolog of McMYB2 is expected to be linked to pla1 and is presumably responsible for the genotype-specific signal that we observed; the other homeolog is expected to be unlinked to pla1 and to have contributed additional noise to the data.
Taken together, the data show that the expression of McMYB2 is predicted by pla1 genotype, consistent with local mRNA expression is higher in +PLA than in 2PLA plants for all eight assayed genes in M. cupreus (A) and for all three assayed genes in M. l. luteus, M. l. variegatus, and their F 2 hybrid progeny (B). Black columns indicate the mean of +PLA F 2 progeny; white columns indicate the mean of the 2PLA parent and F 2 progeny; error bars show standard error. ''h1'' (homeolog 1) and ''h2'' (homeolog 2) were arbitrarily assigned based on order of discovery. Asterisks indicate significance of the gene expression difference between +PLA and 2PLA phenotypes: *p < 0.05; **p < 0.01; ***p < 0.001. The +PLA parent was used as the reference. Sample sizes for M. cupreus were n = 6 (+PLA F 2 s) and n = 7 (2PLA F 2 s plus the 2PLA parent). Sample sizes for M. l. luteus 3 M. l. variegatus were n = 6 (+PLA F 2 s) and n = 6 (2PLA F 2 s plus the 2PLA parent). Assays were performed on early-stage floral buds. See Figure S2 for a time course of gene expression during bud development and Tables S1 and S2 for additional qPCR details. Figure S1 for possible paths to the evolution of petal lobe anthocyanin (PLA) in M. cupreus, M. l. variegatus, and M. naiandinus. Genotype at pla1 is sufficient to explain PLA presence versus absence between the orange and yellow morphs of M. cupreus, whereas genotype at pla2 controls PLA presence versus absence between M. l. variegatus and M. l. luteus [4] . (B) The red pigment in the luteus group is caused by cyanidin, one of several types of red anthocyanin pigment [20] . Cyanidin is the product of the precursor compounds listed in regular type, acted on by the six enzymes shown in boldface.
regulation [12] . The observed pattern could be caused by a regulatory change cis to McMYB2 or by a closely linked trans-regulatory change. In light of our inability to clone the yellow allele of McMYB2 homeolog 2 (see previous section), we suggest an intriguing third possibility consistent with these expression data: the gene underlying PLA may have been secondarily deleted in the rare yellow morph of M. cupreus. This hypothesis is also consistent with our finding (Table S3) that McMYB2 homeolog 2 is linked to flower color and that its orange allele is expressed in early floral buds, just prior to the appearance of visible petal pigment.
Mapping Identifies Markers Linked to Floral Anthocyanins in M. l. variegatus
Four hundred and thirty-seven ALFP markers were used to map the PLA difference between M. l. variegatus and M. l. luteus. In a backcross population, three markers were linked to flower color at distances of 4.4, 10.0, and 27.9 cM. The PCR band for the most closely linked marker was gel extracted and sequenced but comprised highly repetitive DNA that did not have a unique match in M. guttatus. The next most closely linked marker did uniquely match M. guttatus. Because the M. guttatus genome was not assembled at the time, we developed a DraI restriction site marker. The DraI cut site segregated in a mapping population generated from two accessions of M. guttatus (IM and DUN; [13] ), which allowed us to map it to linkage group 12 of M. guttatus, in what is now scaffold 287 [14] . Figure S4 ). The homeologs initially created through polyploidization may be either lost or highly divergent. A marker to intron 1 of MlMYB4 showed linkage (2.1 cM) to PLA presence versus absence in a third-generation backcross population (n = 145 plants; 3 recombinants). To test for additional candidates, we searched the entirety (755 kb; w8 cM) of scaffold 132 for genes corresponding to any of the known enzymes or transcription factors in the anthocyanin biosynthetic pathway. None were found aside from MgMYB4 and MgMYB5, bolstering the candidacy of these two genes. This result is also consistent with the current M. guttatus annotation (http://www.phytozome.net/, v6.0, scaffold 132). The observation of three recombinant individuals argues against a causal change within the MvMYB4 coding region. More likely candidates include MvMYB5, long-distance cis-regulatory elements of MvMYB4 or MvMYB5 (e.g., [15] ), or physically linked upstream regulators of MvMYB4 and MvMYB5 that have not yet been discovered.
Reconstructing the Evolution of Flower Color in the Chilean Mimulus
Across a large swath of the Mimulus genus ( Figure S1 ), floral anthocyanins are present but are restricted to the throat and a small spot on the lower central petal [3, 16, 17] . PLAs may or may not be ancestral to the genus, but within the genus, they must have been lost prior to the divergence of the ''yellow monkeyflowers.''
The three +PLA taxa in the yellow monkeyflower group, M. naiandinus, M. cupreus, and M. l. variegatus, are closely related and geographically overlapping. It would be natural to assume that their colorful petals originated from a single gain of PLA, followed by either spread of PLA through introgression or secondary loss in yellow-flowered plants (Figure S1) . Surprisingly, the single genetic locus controlling PLA in M. cupreus (pla1) is physically unlinked to pla2, which confers PLA in M. l. variegatus [4] , and we show here that pla1 and pla2 contain phylogenetically distinct sets of genes (Figure 4 ; Figures S3 and S4) . We therefore conclude that PLA evolved via separate mutations in these two taxa.
Interestingly, M. naiandinus is thought to be most closely related to M. l. variegatus [18] , yet its PLA phenotype is unlinked to pla2 [4] . It remains to be seen whether PLA in M. naiandinus is controlled by the M. cupreus locus (pla1), as a result of either introgression or independent mutation, or whether a third genomic region is involved.
Parallel phenotypic evolution may reflect adaptation to similar environmental pressures [19] . Although no pollinator discrimination by flower color has been observed within the Chilean Mimulus [20] , the repeated gains of floral anthocyanins could be related to any of the pleiotropic effects of anthocyanin production-for example, greater resistance to heat, drought, and herbivores [21] . Microhabitat differences have been noted within the Chilean Mimulus. Mimulus naiandinus is found only on wet rock walls, whereas M. l. luteus typically is found at ground level, within or on the banks of streams and rivers ( [18, 22] ; A.M.C., unpublished data). The ranges of M. l. variegatus and M. cupreus are at higher elevation, on average, than the range of the yellow-flowered M. l. luteus [22] and may differ in other environmental aspects as well.
Patterns in Parallel Evolution
One of the best-known genes underlying repeated evolution is MC1R, a key component of vertebrate melanin synthesis. In numerous species, MC1R is responsible for pigment gain or loss [23] [24] [25] . The frequent involvement of MC1R, despite the many other genes required for melanin production, suggests strong constraint on vertebrate pigment evolution.
In flowering plants, regulatory changes in anthocyanin pigmentation are often traced to an R2R3 MYB transcription factor [26] -but, unlike the single-copy MC1R in vertebrates, anthocyanin-related MYBs show considerable copy-number variation (Figure 3) . A history of gene duplication may permit greater subfunctionalization, for example via the evolution of tissue-specific expression. Mutations in MYBs might then have fewer pleiotropic effects, on average, than mutations in the more broadly expressed bHLH or WDR anthocyaninrelated transcription factors [26] , making the MYBs better pigment evolution candidates in most cases than the bHLH or WDR genes.
As a result of their recent tetraploidy, the Chilean Mimulus spp. have even more than the usual abundance of anthocyanin-related MYB transcription factors. We found eight, compared to five in M. guttatus and three in Antirrhinum majus [10] . Some of these MYB copies may have subfunctionalized, in which case they might show different spatial domains of expression [27] . Alternatively, it is possible that the duplications occurred so recently that redundant copies have not had time to degenerate or differentiate.
Molecular Mechanisms of Floral Pigmentation
Although ''all types of molecular changes clearly contribute substantially to molecular adaptation'' [28] , it may be possible to develop more specific predictions within that framework. For example, traits can be categorized as gains or losses. A common pattern in anthocyanin pigmentation is that losses in the ability to produce pigment are far more common than gains [29] . Several of these pigment losses are associated with coding changes that disrupt biosynthetic genes [29] . A reasonable prediction might be that amino acid changes in enzymes are more likely to cause loss of function than gain of function, because there are presumably more ways to disrupt a specialized enzyme than to increase its activity. For regulatory mutations, in contrast, it is not clear that downregulation or suppression of a target should be any more common than upregulation or activation.
The luteus group is a particularly rare phenomenon, exhibiting multiple independent gains of pigmentation. If enzymatic amino acid changes are indeed most likely to cause trait loss, then the best a priori candidates for pigment gain would be regulatory mutations. These could be cis to the structural Table S3 for preliminary functional tests of the MYBs.
genes, or in the cis or coding regions of a transcription factor. Here we show that at least two trait gains do involve regulatory change, trans to the biosynthetic pathway but potentially cis to a transcription factor. Our results not only identify the molecular genetic basis of diversification in a suite of nonmodel species but also shed light on the patterns that emerge when evolution repeats itself.
Supplemental Information
Supplemental Information includes four figures, four tables, and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/j.cub.2011.03.028.
